Context: Regular exercise or high physical activity levels are associated with higher serum 25-hydroxyvitamin D [25(OH)D] concentrations; however, the effect of acute exercise on serum 25(OH)D concentrations remains unclear.
in maintaining bone health, higher circulating 25(OH)D concentrations have been associated with improved cardiovascular outcomes, enhanced immune function, and higher levels of physical fitness (3) (4) (5) (6) .
Recent observational studies have indicated that higher levels of physical activity and regular exercise are related to higher circulating 25(OH)D concentrations; this relationship was maintained even after adjusting for sun exposure (7) (8) (9) . Moreover, Scragg and Camargo (10) found that increased physical activity was associated with higher serum 25(OH)D concentrations not only in summer, but also in winter, during which time vitamin D synthesis from sunlight was very limited (11) . This evidence suggests that regular exercise or higher physical activity may directly increase the circulating 25(OH)D concentrations, regardless of the sun exposure duration. However, to date, limited evidence is available regarding the response of circulating 25(OH)D concentrations to exercise. Maïmoun et al. (12, 13) demonstrated that the serum 25(OH)D concentrations did not change after exercise in young adults or cyclists. However, in those studies, the time course of circulating 25(OH)D concentrations after endurance exercise was not considered. In contrast, the serum 25(OH)D concentrations were found to be significantly increased after intensive stretchshortening cycle exercise in 14 adults (14) . Although the time course was investigated in that study, the response of circulating 25(OH)D concentrations to endurance exercise remained unclear. Furthermore, sex plays a very important role in the circulating 25(OH)D concentrations; men usually have higher circulating 25(OH)D concentrations than women, possibly due to a lower level of fat tissue or greater amount of physical fitness (15, 16) . Hence, the response of 25(OH)D concentrations to exercise may also likely be affected by sex.
In the current study, we aimed to clarify whether acute endurance exercise has a direct effect on circulating 25(OH)D concentrations in active young adults. In addition, we evaluated whether the response of the 25(OH)D concentrations to exercise was influenced by sex.
Methods

Subject characteristics
Ten healthy young men (aged 18 to 22 years) and 10 young women (aged 19 to 22 years) were included in the study. All of the subjects performed the exercise for at least 3 hours per week. All participants were in good health and free from other chronic diseases for $3 months. The participants were excluded if they were taking vitamin D supplements or medications that could affect the study measures (i.e., calcium or any drugs that could affect bone and mineral metabolism and sexual hormones). All participants provided written informed consent prior to study enrollment, and the Ethical Committee of Waseda University approved this study.
Anthropometric measurements
Body weight and percent body fat were measured using an electronic scale (Inner Scan BC-600; Tanita Inc., Tokyo, Japan), whereas height was measured using a stadiometer (YL-65; YAGAMI Inc., Nagoya, Japan). Body mass index (BMI) was calculated using the body weight and height measurements. Fat mass and body fat free mass were estimated using the body weight and body fat percentage measurements. Diet and nutritional intake were assessed based on a brief self-administered diet history questionnaire (17, 18) . The duration of exercise was assessed using a questionnaire and expressed as minutes per week.
Maximal oxygen uptake
The maximal oxygen uptake (VO 2max ) was measured using a maximal graded exercise test with a cycle ergometer (Aerobike 75XLII; Combi, Tokyo, Japan) at least 3 days prior to the main test. The graded cycle exercise began with a workload of 30 to 90 W that was increased by 30 W every 3 minutes until 9 minutes had elapsed and was then increased by 15 W/min until the participants could no longer maintain the required pedaling frequency of 60 rpm in a climate-controlled chamber (temperature, 22°C; humidity, 50%). The highest recorded value of VO 2 during the exercise test was considered as the VO 2max (mL/kg/min). Additional details have been published elsewhere (19) .
Experimental protocol
On the first day of the main test, participants arrived at the laboratory between 8:30 and 9:30 AM after overnight fasting. After pre-exercise blood samples were drawn, the participants consumed 180 kcal of energy jelly (0% protein, 0% fat, and 100% carbohydrate; Naganokohno, Nagano, Japan) and then began an acute bout of endurance exercise. Accordingly, after a 5-minute warm-up at 45 to 90 W, participants performed a cycling exercise for 30 minutes at 70% VO 2max in a climatecontrolled chamber (temperature, 22°C; humidity, 50%). Participants freely ingested mineral water throughout the experiment to limit hemoconcentration. At 5 minutes after the start of the exercise, expired gas concentration and heart rate were measured for 5 minutes to confirm the intensity of the exercise. Blood samples were collected immediately after the exercise and at 0.5, 1, and 3 hours after the acute bout of endurance exercise. During this period, the participants were not allowed to consume anything except for mineral water and were asked to stay indoors. On the following day, blood samples were collected from the participants at 24 hours after the acute bout of endurance exercise between 8:30 and 9:30 AM, after an overnight fast. The participants were instructed not to engage in any intensive exercise on the day before the exercise session and throughout the study period. The energy expenditure during the endurance exercise was estimated based on ACSM's Guidelines for Exercise Testing and Prescription (20) .
Blood measurements
Blood samples were centrifuged at 3000g for 15 minutes at 4°C. Serum was stored at 280°C until the time of analysis. The serum calcium and albumin concentrations were determined using colorimetric methods by BML Inc. (Tokyo, Japan for DBP, respectively. The increments in the areas under the curve (iAUCs) were calculated using the trapezoidal rule to assess the total changes in the 25(OH)D, 1,25(OH) 2 D, iPTH, DBP, calcium, and albumin concentrations from baseline to 3 hours postexercise. Serum calcium concentrations were used to estimate hemoconcentration during and after the exercise (21), as follows:
where c and u subindices denote corrected and uncorrected concentrations, respectively.
Statistical analysis
All statistical analyses were performed using IBM SPSS statistics 22 for Windows (SPSS Inc., Chicago, IL). Data were assessed for normality using a Kolmogorov-Smirnov test prior to all statistical analyses. The circulating 25(OH)D, 1,25(OH) 2 D, iPTH, and DBP concentrations after exercise were corrected for hemoconcentration using the percentage increment of total calcium. Independent t tests (for normally distributed variables) or Mann-Whitney U tests (for nonnormally distributed variables) were used to evaluate the differences between men and women. A paired t test was used to determine the difference in circulating 25(OH)D concentrations from baseline to 24 hours after exercise. Two-factor repeated-measures analysis of variance (ANOVA) (sex 3 time) was used to determine the effect of exercise on the changes in blood parameter values. A post hoc test with Bonferroni correction was used to identify statistically noteworthy differences among the mean values when a considerable main effect or interaction was identified. Relationships between the iAUC for the 25(OH)D concentrations and other measured parameters were determined using Pearson correlation coefficients and partial correlation analysis adjusted for sex. Linear multiple regression analysis was also performed to determine whether variables mediated the iAUC for serum 25(OH)D concentrations. Normally distributed variables were presented as means 6 standard deviation, skewed variables were presented as median (interquartile range), and categorical variables were presented as percentages, unless otherwise indicated. The level of statistical significance was set at P , 0.05.
Results
The subject characteristics and blood parameters according to sex are presented in Table 1 . The height and weight were significantly higher in the men than in the women (P , 0.01). Although the absolute values of VO 2max were higher in the men than in the women (P , 0.01), the relative intensity (%VO 2max ) during exercise did not exhibit any sex-related differences. The basal serum 25(OH)D concentrations among the men were significantly higher than those among the women (P , 0.05), whereas the body fat and percent body fat values were significantly higher in the women than in the men (P , 0.01). No sex-related differences were observed in BMI; basal 1,25(OH) 2 D, iPTH, DBP, calcium, and albumin concentrations; exercise time; and vitamin D and calcium intake. Moreover, in the analysis of the energy expenditure during endurance exercise, men were found to consume a greater amount of energy when compared with women (P , 0.01).
As shown in Fig. 1 , two-way ANOVA indicated significant effects of time on the serum 25(OH)D (P , 0.01), 1,25(OH) 2 D (P , 0.01), iPTH (P , 0.01), DBP (P , 0.01), calcium (P , 0.01), and albumin (P , 0.01) concentrations. Post hoc analysis showed that the serum 25(OH)D and calcium concentrations were significantly greater at 0 hours (P , 0.01 and P , 0.01, respectively), 1 hour (P , 0.05 and P , 0.01, respectively), and 3 hours (P , 0.01 and P , 0.01, respectively) after exercise when compared with the basal concentrations. Moreover, higher concentrations of serum 25(OH)D were noted in the men than in the women throughout the study (P , 0.05). Serum 1,25(OH) 2 D concentrations were slightly reduced at 0.5 hours when compared with immediately and 3 hours after exercise (P , 0.01 and P , 0.01, respectively), although there was no significance at any time points compared with the basal concentrations. The serum iPTH, plasma DBP, and serum albumin concentrations were significantly greater at 0 hours after exercise (P , 0.05, P , 0.01, and P , 0.01, respectively), whereas the serum iPTH level was significantly reduced at 1 hour after exercise (P , 0.01). Furthermore, significant sex 3 time interactions were observed in 25(OH)D concentrations (P , 0.05), whereas no significant interactions were observed for the other blood parameters. Serum 25(OH)D was significantly increased at 0, 1, and 3 hours after exercise in men only (P , 0.01). Moreover, the t test showed that the iAUCs for the serum 25(OH)D concentrations were significantly higher in the men than in the women (3706.2 vs 1034.5 min $ nmol/L; P , 0.01; Fig. 2) .
At 24 hours after an acute bout of endurance exercise, the serum 25(OH)D concentrations were found to be significantly greater than the basal level using the paired t test (overall, Fig. 3 ). The repeated-measures ANOVA showed that the increment in 25(OH)D at 24 hours had no sex disparity (P time , 0.01 and P interaction = 0.752). Additionally, no notable differences were found in serum 1,25(OH) 2 D, iPTH, DBP, albumin, and calcium concentrations (Supplemental Table 1 ).
At baseline, serum 25(OH)D was negatively correlated with percent body fat (r = 20.622; P , 0.01) and positively correlated with levels of VO 2max (r = 0.561; P , 0.05) for all participants. These relationships became (Table 3) .
Discussion
We investigated the effects of an acute bout of endurance exercise on the serum 25(OH)D concentrations. The noteworthy finding of the current study was that the serum 25(OH)D concentrations were significantly increased not only at 0, 1, and 3 hours, but also at 24 hours after exercise. In addition, the study shows sex differences exist in the 25(OH)D response to exercise. Serum 25(OH)D concentrations were significantly increased at 0, 1, and 3 hours after exercise when compared with the basal concentrations in men only. Moreover, the iAUC for the 25(OH)D concentrations induced by exercise was greater in the men than in the women. These results suggest that acute exercise not only increased the serum 25(OH)D concentrations in the short term, but also 24 hours after exercise as well. Moreover, sex-related differences in the percent body fat may affect the response pattern of 25(OH)D to acute exercise.
In our study, we found that the serum 25(OH)D concentrations were significantly higher in the men than in the women at baseline (P , 0.05), consistent with the findings from other studies (16, 22) . This difference may be explained by the higher body fat in women as compared with men (P , 0.01; Table 1 ) due to the sequestration of adipose tissues (23, 24) . In the current study, the significant relationship between serum 25(OH)D concentrations and percent body fat only occurred in the total sample (r = 20.622; P , 0.01) or among women alone (r = 20.674; P , 0.05). These findings may be attributed to the narrow range of percent body fat in men. In previous studies, vitamin D intake and the duration of exercise per week were found to be important predictors of the serum 25(OH)D concentrations (15) ; however, in the current study, no substantial differences were observed in vitamin D intake and the duration of exercise per week between men and women at baseline (Table 1) . Although previous studies have shown that subjects who exercise regularly or those with higher levels of VO 2max have higher circulating 25(OH)D concentrations, when compared with relatively sedentary people, regardless of the sun exposure time (7, 8) , the effect of an acute bout of endurance exercise on circulating 25(OH)D concentrations remains unclear. Previous studies originally designed for bone metabolism reported the lack of variation in serum 25(OH)D concentrations immediately after a maximal incremental exercise test in young men and women (12) or immediately and at 15 minutes after exercise in male athletes (13) . Nevertheless, in the previous studies, the time course and sex differences in the 25(OH)D concentrations responses to exercise were not evaluated. To our knowledge, this is the first study to observe an increase in 25(OH)D concentrations not only immediately, at 1 and at 3 hours, but also at 24 hours after exercise in young adults. Barker et al. (14) reported that increases in circulating albumin concentrations led to increases in the predicted serum 25(OH)D concentrations, rather than iPTH and calcium, after an intense stretch shortening contraction exercise in 14 young male and female subjects. In the current study, two-way ANOVA indicated that the albumin concentrations increased significantly, immediately after exercise, and returned to the basal level at 0.5 hours after exercise, consistent with the findings observed in a previous study (25) . Furthermore, the change in albumin concentrations was significantly related to the change in 25(OH)D concentrations immediately after exercise (r = 0.632; P = 0.004), after adjusting for sex. In contrast, no meaningful relationship was observed between the changes in 25(OH)D and DBP, which was more closely related with 25(OH)D than albumin (26) . These data suggest that the exercise-induced elevation in albumin levels at 0 hours and the return to the basal level at 0.5 hours may contribute to the variation in the serum 25(OH)D concentrations at 0 and 0.5 hours after exercise. Although the increase in albumin immediately after exercise may be caused by hemoconcentration or redistribution, the serum 25(OH)D was increased by more than double (overall, 17.99%; male, 21.91%; and female, 14.07%) compared with the increase of serum albumin (overall, 9.13%; male, 10.72%; and female, 7.55%) immediately after exercise. In addition, we observed that serum 25(OH)D was still significantly increased after correction for calcium or albumin. Thus, in the current study, the increased albumin may only have a limited influence on the increase of 25(OH)D concentrations.
Previous studies confirmed that 1,25(OH) 2 D is the biologically active metabolite of vitamin D (27) ; in the current study, we showed that 1,25(OH) 2 D concentrations do not change when compared with the basal concentrations after exercise. Connors et al. (28) reported that the expression of enzymes that catalyze the conversion of 25(OH)D to 1,25(OH) 2 D, such as CYP27B1, were significantly elevated at 1 and 3 hours after exercise, as compared with the pre-exercise concentrations in the skeletal muscle of rats. However, previous studies showed that the 1,25(OH) 2 D produced in local tissue would not enter the circulation (29) . Moreover, previous studies indicated that the increase in the iPTH concentrations may lead to an increase in the expression of CYP27B1 (30), whereas in the current study, the iPTH concentrations were transiently increased and reduced after exercise. Thus, the increase in the enzyme expression related to 1,25(OH) 2 D would not lead to the elevation of circulating 1,25(OH) 2 D concentrations in the current study. As the 1,25(OH) 2 D concentrations increase in circulation, the absorption of calcium would be enhanced, which would lead to an elevation in the serum calcium concentrations. In contrast, Boyle et al. (31) showed that increased serum calcium concentrations would conversely inhibit the 1,25(OH) 2 D concentrations in the circulation. In the current study, the concentrations of calcium were not only significantly increased at 0 h, but also at 1 and 3 hours after exercise. These findings suggest that the elevated calcium concentrations at 1 and 3 hours after exercise may have possibly inhibited the increases in the 1,25(OH) 2 D concentrations. Although we did not observe any variation in the 1,25(OH) 2 D concentrations in the circulation in response to exercise, the 25(OH)D was still converted into 1,25(OH) 2 D in the local tissues. Thus, the consumption of 25(OH)D concentration could induce a compensatory increase in the serum 25(OH)D concentrations after exercise and even during rest the following day.
Furthermore, previous studies showed that the body fat, physical fitness, and basal 25(OH)D concentrations are closely related with an increase in the 25(OH)D concentrations (3, 32, 33) ; thus, the basal characteristics of the subjects and basal 25(OH)D concentrations may affect the variation in the 25(OH)D concentrations during endurance exercises. We found that the iAUCs for the 25(OH)D concentrations were significantly associated with the percent body fat, basal 25(OH)D concentrations, energy expenditure, and VO 2max ; the relationship between 25(OH)D and percent body fat became borderline noteworthy, and other relationships became nonsignificant after adjusting for sex. Nevertheless, stepwise multiple linear regression analysis showed that the percent body fat was the strongest notable predictor of iAUC for the 25(OH)D concentrations rather than basal 25(OH)D concentrations, VO 2max , and sex in the current study. When compared with men, women had a higher level of percent body fat. This could explain the greater increase in the 25(OH)D concentrations during exercise for men than for women in the current study. However, the sex disparity for the changes in 25(OH)D concentrations at 24 hours disappeared. It appears that body composition contributes only to shortterm changes, but not to changes that occur 24 hours after exercise; the mechanism is currently unknown. In contrast, muscle tissue was considered as another storage pool as well as fat tissue (34); however, in the current study, fat free mass calculated from body mass and percent body fat was not related with iAUC of 25(OH)D concentrations. Further studies need to measure more muscle mass content factors to evaluate the causal relationship between the increment of 25(OH)D concentrations and muscle tissue.
Despite these findings, our study had certain limitations. The subjects who participated in our study had relatively high 25(OH)D concentrations, and hence, it is unclear whether these results can be extrapolated to other subjects with low concentrations of 25(OH)D. Second, we did not control the dietary intake prior to exercise, although we assessed the dietary intake, including the calcium and vitamin D intake, using a questionnaire. Third, the serum 25(OH)D concentrations were not measured using liquid chromatography-tandem mass spectrometry, which is the most precise technique, although there is a very good correlation between liquid chromatography-tandem mass spectrometry and the enzyme-linked immunosorbent assay kit. Nevertheless, to our knowledge, this is the first study to assess the variations in the serum 25(OH)D concentrations after an acute bout of endurance exercise in young adults.
Conclusion
We observed there is a direct effect of endurance exercise on the increase in serum 25(OH)D concentrations. Additionally, sex disparity was observed in the serum 25(OH)D concentrations following exercise and disappeared at 24 hours after exercise. The exercise-induced increase in 25(OH)D concentrations was greater in men than in women, which may be attributed to the body composition.
